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catal yst system conpri|sSing a GOS%Q%U net al i de selected from
t he conpounds of chlorine, brom ne and 10 | od| ne. Car boxyl i c
acids and their anhydrides and esters have a variety of uses in the

chem cal industry. For exalg AT TON ©FVOIERAN certaln of |ts
salts are used as pr servatlves In

e
industries. The anhyddiSjdavention, Rex, %%&ﬁrﬂr@cess rkg’a eare used in
t he manuf act ur e priepatiatiiiors @ fc thigenated Wompouridsl by riheherarbonylation t he

pl astics i ndust et C Q S I C
anhydri de and n@%h)ﬂlefé&sate@% ?&ﬁﬁ?@r“fﬁ%ﬁ%%&f@%ﬁ Cq:?:i%:él}etrﬁaﬁﬂ
process bySthe ¢sr kivey ipxieparatfionidfarmtygenatedetmpoundshyguqhc@site in t he
presence or abseagh :|1c acitfd eresé@?%&‘%rﬁ&dﬂ%é@%i Lbri¥ Lt Kiig
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Clerr]-Caor] iedinearboxylic aC| ds are rranuf actured on a commrercial scale

30 by one of 2 methads, a i Rl s
hydr of or myl ati on and oxi (?’flﬂc}n 04 irﬁ Sﬁﬁfr qnﬁﬁﬁlusetsr aat ed by eqéjations
(1) and (2): 351av[q3rq]var1ety of uses :Ln the chemical industry.  Fo

example, propionic ac;d and certain of its salts are
used as preservatives in the animal feed and food

15 industries. The anhydr'ides:' of propionic and butyric
acids are used in the manufacture of cellulose esters

which find a number of uses in the plastics industry.
Acetyl compounds such as acetic acid, acetic
anhydride and methyl acetate are manufactured by very
20 efficient process by the carbonylatlon of methanol
and-or methyl acetate in the'presénce or absence of
water, depending on the desired product. Aliphatic,
'carboxylic acids containing 8 or more carbon atoms are
readily available from natural occurring substances such
25 as natural occurring fats and oils. A need exists for
~ efficient processes for the direct manufacture of
aliphatic, carboxylic acids containing 3-9 carbons. At
the present tlme, the major volume of these C3—Cg
carboxylic acids are manufactured on a commercial scale
30 by one of 2 methods. This first consists of the
sequential_hydrdformylation and oxidation of olefins as
illustrated by equations (1) and (2): '

35  RICH=CH.+ CO + H > RicH cnzgn + R]'CH(CH3)8H

2 2 2
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-2 - Jerr] The second connerC|aI process i nvol ves the oxidation

of Wésg®eey unsaturated natural acids. Any derrvat II!@HUS!BIIWS t he
carboxylic acids require an additional chemical .15 - processing step. For'
exanpl e, propionate esters can-be - made by esterification of propionic
acid with al cohol s, using a variety of catalysts knomn in the art, and
pr opi oni c anhydrlde can be prepared from propionic aci d by an exchange
reaction with acetic anhydrlde 20. — Bydr oxycarbonyl ation (also referred
to as hydr ocar boxyl ati on), depicted in equation (3), represents a
direct (one step) process for the preparation of carboxylic acids.
Mor e |nportantiy, it of{ers an @dvant age in theldlrect production of 25
derivatives SRicCH et SREGHI( i He@, of—t-hre> | RVIH, CH, C@Rr boxyl i ¢
acids. A exenplified in equations (4) and (5), these procesggep have
the potential to d|rectly generate the carboxyljc acidgerivative in a
si ngl e 18 ep usi ng an ol efin and carbon nonoxi c@lcn(m dEri nati ng 30
mul tiple processing .steps. [err] =

The second commercial process involves the oxidation of

butane or unsaturated ‘natural acids. Any derivatives of
,the carboxylic acids require an additional chemical

15 processing step. For example, propionate esters can be

' made by esterification of propionic acid with alcohols,
us1ng a variety of catalysts known in the art, and
propionic anhydride can be prepared from propionic acid
by an exchange reaction with acetic anhydride.-

20 Hydroxycarhonylation (also referred to as
hydrocarboxylation), depicted in equation (3),
represents a direct,(one_step)_process for the
preparation of carboxylic'acids.. More importantly, it

| offers an'advantage in the direct production of

25 derivatives such'as esters and anhydrides of the lower
carboxylic acids. As exemplified in equations (4) and
(5), these processes have the potential to directly
generate the carhoxylic acid derivative in a single step
using an olefin and carbon monoxide, thus eliminating

‘30 multiple processing steps.
RICH=CH.+ €O + H,0 ———> RYCH.CH gon + RYcH(CH )gon (3)

35 2 - 272 | 3

40
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- RICH=CH. + CO + MeOH ———> RicH.cH. &oMe

45 CH=CH, + 2CH;

: | - + (4)
50 Me = CH, | RICH(CH3)EOM3_
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The chem stry involved in equatlons (3), (4) and (5) is well known as
evi denced by Pino, et al., Oganic Synt heses via Metal Carbonyls,
Eds. |.Wnder and P. Pi no, Vol . 2, John Wley & Sons, Inc., New YorKk,
NY. ; pages 233-296 (1977); Millen, New Syntheses Wth Carbon 20
Monoxi de, Ed. J. Fal be, Springer-Verlag, Betl8n+ Gernmany, pages 275-286
(1980); Col quhoun, et al., Carbonylation - Direct Synthesis of
Car bonyl Conpounds, Pl enum Press New Yor k, NY, pages 102-106, 119-130
(1991); and Forster, et al., Catalysis R - Sci, Eng , 23, 89
(1981). 25 _ HowevetcHeis ahedcsty w_apparest | )R’*t@ﬁtﬁ?
conmercial ¥ in only a sirgle high plessure, éhperature
hydr oxycar bonyl ati on unit for the nanufacturé'of pr opi oni ¢ acid &k he
sol e produao. See Sanel, et al., "Propiorfig Acid a Derivatives", in
30 U |l man's Encycl opedi a of Industrial Chem (%qn(cngj 20 edit., Vbl.

A22, VCH Publishers, New York, NY, page 223
15 The chemistry involved in equations (3), (4) and
(5) is well known as evidenced by Pino, et al., Organic
Syntheses via Metal Carbonyls, Eds. I.Wender and P.Pino,
Vol. 2; John Wiley & Sons, Inc.,New York, NY.,
pages 233—296 (1977); Mullen, New Syntheses With Carbon
20 Monoxide, Ed. J. Falbe, Springer—Verlag, Berlin, Germany, .
’ pages 275-286 (1980) ; cOlquhoun, et al., Carbonylation —
Direct Synthesis of Carbonyl COmpounds, Plenum Press New
York, NY, pages 102--106, 1195-130 (1991); and Forster, et
al., Catalysis Rev. — sci. Eng., 23, 89 (1981).

25 However, this chemistry apparently has been used
commercially in only a single high pressure, high
temperature hydroxycarbonylation unit for the
manufactu:e of propionic acid as the sole product. See
‘Samel, et al., "Propionic Acid and Derivatives", in

30 Ullman’s Encyclopedia of Industrial_ChemiStry, 5th
edit., Vol. A22, VCH Publishers, New York, NY, page 223
(1993). This propionic acid process uses a highly toxlc
(and very volatile) Ni(CO)4 catalyst and high pressures
(>186 bar, 2700 psi) which requires specialized high

35 pressure equipment. Furthermore, the high temperatures
(>270°C) lead to excessive corrosion and, therefore,
require the use of an expensive silver lined reactor.

_ The operating conditions are more clearly defined in
- Bertleff, "Carbonylation", in Ullman’s Encyclopedia of

40  Industrial Chemistry, 5th edit., Vol. A5, VCH
‘Publishers, New York, NY, page 223 (1986).

Processes utilizing moderate pfessures and
femperatures in the.chemi;try of equations (3), (4) and



(1993). This
volatile) Ni(

propi onic acid process uses a highly toxic (and very

CO[err] catalyst-and high pressures (>186 bar, 2700 psi)

whi ch rewosém4azmeci al i zed high 35 pressure equi pnment. pernsosiéws e, the
hi gh tenperatures (>270[err]C) lead to excessive corrosion and,

t her ef ore, require the use of an expensive silver |lined reactor.

The operating conditions are nore clearly defined in Bertleff,
"Carbonylation”, in Ulnmn's Encycl opedia of 40 | ndustrial Chemistry, 5th
edit., Vol. A5, VCH - Publishers, NewdYerk, NY, page 223 (1986).
Processes utilizing noderate pressures and tenperatures in the
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glxgdim,eri{zﬁ.d;m4 ogopalladlum based catalyst to
preclpltate, especially durlng product separatlon, is

~ well known and has led to the development of technology

15

20

directed to the stabilization of these catalysts during
product separatlon. Moderate pressure processes
utilizing a cobalt—lodlde or n1ckel—iodide catalyst
systems are descrlbed 1n U.Ss. Patents 3, 944 604,
3,989, 751, 3, 946 055 and 3, 980 683. .

The carbonylatlon of oleflns in the presence of
rhodlum—zodlde—croup VIA metal and 1r1d1um—1od1de—Group
VIA metal catalyst systems are descrlbed in U.S. Patent

3,821, 265. Chromlum or molybdenum is included in this

25

process to stabllize the rhodlum or iridium catalyst
complex durlng dlstlllatlon.

The preparatlon of carboxylic acids, esters and
anhydrldes by the carbonylation of olefins in the

_ presence of a catalyst system comprzslng (1) a nickel

compound, (2) a Grcup 6 metal, i. e., Chromlum,

| molybdenum, or tungsten, (3) a trivalent phosphine, a

30

__trivalent amine or an alka11 metal, and (4) a halide,

e.g., an icdine compcund, is described in U.S. Patents

4,372 ,889, 4, 407 726, 4,625, 055, 4, 537, 871, 4 335,058,

35

4,483,803, 4,354,036, 4,540, 811. The tox1c1ty of
Nl(CO)4, which is likely generated in the system, still
represents a problem and a dlsadvantage.

{



3,989, 751, 3, 946, 055 and 3, 980, 683. The carbonyl ation of ol efins

In the pr r hodi um i odi de- G oup VI A net al angpcr
iridiun}|§®$ oup VIA netal catal yst systens are esgpﬁgggﬂ?n U. S.
Pat ent , 3,821 265. Chriomi um or nol ybdenumis included in this
process to stabilize the rhodiumor iridiumcatalyst conmpl ex during
distillation. 25 The preparation of carboxylic acids, esters and
anhydri des by the carbonylation of olefinsg the presence of a

catal yst system conprising (1) a nickel conmpound, (2) a Goup 6
metal, i.e., chrom um nmol ybdenum or tungsten, (3) a trivalent

phosphi ne, S 30 tmaaimn?weoﬁrtm présént nbhvéntbon 4x¢ unawarele,
e.g., anio |ne ound escrji.be 889,
4. 307, 726, 4, 6RE Y 1A £§%§ B‘g%ﬂgatf&t‘% é%%"%b%”“i g%% 036,
4,540, 811. Thecaxhomqutron of ‘olef{m)Vith]|a Gnoup 6smetab|gsgtherated in
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of any patents €6 PhdGte PR | £SEMAESoRCSET £BtEB8st ARA acidsavhanyhaetion of
olefins with a onent. However,

a
Group 6 netals ﬂ%& gb@%n°% é°§§%ﬁet5e¥ﬁﬁﬁ€%v§§?§8n9}5?$§ﬁs with ot her
substrates and For examplé CEmbéaukprettadn, o¥. eChems 8&ad. acChenvi a t he

addition of for de t ageg! ux, et
al., J. Chem Sggﬁﬁ £§¥@_13$§C£9995? %€§CE8§3 f§893§éd§£c %ggf?ﬁg use of
fluoride 10 ions to induce the conversion of alkyl iedides and
diiodides to esgeisaddds! 86t eBEers &AACLALYEYS, UpkBBectively! Ouslihgmetric

amounts of Nb(Cxloféﬂlometgucpgngunts of Mo(CO)g. U.S. Patent

| ' 3,790,607 describes a high pressure process for
carbonyletion of fluorocarbon iodides to esters using a

15 series of metal carbonyls including carbonyl compounds
of the Group 6 metals. The substrates in both cases are
iodides, not olefins, and are used either
stoichiometrically or demonstrate limited catalysis.

U.S. Patent 4,558,153 describes the addition of

20 formates to olefins using a catalyst comprising a Group
6 metal, a halide, and optionally, a phosphorus-—
containing promoter. The source of the carbonyl unit in
the process described in_this_patent is formic acid or a
formate ester which must be formed in a separate

25 manufaoturing operation._ At no point does U.S. Patent
4,558,153 contemplate the addition of carbon monoxide to
an olefin to generate the carbonyl unit. In fact, no
carbon monoxide is used in most of the examples of the
patent. | _ '

. 30 Finelly, the use of Group 6 metal oxides,
especially tungsten oxide, formulated as W05, as
heterogeneous catalysts for the carbonylatlon of
alcohols is disclosed in U. s, Patents 1,998,218,
1,998,219 and 1,998, 220. However, the function of the

35 Group 6 metal oxides is to act as strong acids and the



3, 790, 607 describes a high pressure process for car bonyl ati on of
fluorocarbon iodides to esters using a 15 series of netal carbonyls

i ncl udi woeendenyl conpounds of the Group 6 netal s.PORESISH4IBr at es | n
bot h cases are i odi des, not olefins, and are used either
stoichionetrically or denonstrate |limted catalysis. ‘U S. Patent
4,558, 153 describes the addition of 20 formates to olefins using a

catal yst conprising a G oup 6 nmetal, a halide, and optionally, a
phosphor us- cont ai ni ng pronoter. Jhg source of the carbonyl unit in

t he process described in this patent is formc acid or a formate
ester which nust be forned in.a separate 25 "~ manufacturing operation. At
no poi nt doesreaStibasewere carriea58ut53tcverynhighepressuﬂdstand of

car bon nDnOX|ggm#§ﬁ8tu5 aniogeflgbggtg %ﬁ QQEOG Q?ngn§n555°bn fact,

no car bon uséd rn nDs e exanp €s
patent. 30 Thennregenthénusstaoncmgpieeseaaprgszegssfor the

especi al |y tuﬁﬁépﬁﬂaﬁlbﬁeoff %”H!Lipﬁdtié &RQEon compouhat gepaeeequs
catalystg for_the c s |s di.scl oied I n

uU. S.
Catonte §. ooptseB S1iBRAY1S.eRTHONVIAG acidn; IabRY L, pREVEFYL, ABERERCL) on of
t he 35 G oap Slmphatioxcdrboxylic aclidss andoaghydrﬁdeendfthe WO

96/ 19427 9
2 a}Ebpric CREPOXYAIP 25108, TRSCPEOREER PRBELREE o
t enper at ur es, cpntactingucarbenpmenpxide with enulstBPGrchPIISing an  The
present 'nVenBiinﬁrQﬁdd85c8t919§€5§y§€émtHﬁmprisinﬂr?Q?rﬂtbfgm Y
oxy |c aci ds,

al i phatjc carbon sel ecte hatic car
al kyl ahf aryF°@§P€F§t segecBFdaFFﬁﬂaPFclﬁﬁFEOQQ?|GPGEPd§ mekal anhydrldes'
of i.e., chromium, molybdenum, tungsten, or a mixture
therepf and (2) a secondary component selected from at
least one of:. -
(i) a halide selected from the compcunds of chlorine,
15 bromine or iodine; '
(ii) an alkali metal compound,
(iii) a salt of a quaternary organic compound of a
Group 15 element; _ _ .
(iv) a trisubstituted organic compound of a Group
20 ' ' 15 element; and
(v) an oxide of a trisubstituted phosphine
compound, _
under carbonylation conditions of temperature and
pressure, wherein the process is carried out in the
25 substantial absence of (1) metals of Groups 8, 9 and 10,
' i.e., Fe, Ru, 0s, Co, Rh, Ir, Ni, Pd and Pt and
.(2) formic acid and formate esters. The advantages and
benefits provided by the invention include (1) the
elimination of expensive noble metals such as. rhodium
30 and iridium; (2) the essential absence of nickel removes
the potential problem of Ni(CO)4 hazards while
cOincidentally leading to higher rates; and (3) the
_expectation that product separation and catalyst recycle
will pose fewer problems. Another benefit of the
35 present invention 1s that neither formic acid nor a



al'i phatic carboxylic acids. The process conprises contacting carbon

nonoxi de with a mxture conprising an olefin and a cata em
conpri sing “imary 10 . conponent sel ected from at | e%a’%é%a%oup 6
net al , i.e., chrom um ol ybdenum tungsten, or a mxture

t hereof and (2) a secondary conponent selected from at | east one of:
(i) a halide selected fromthe conpounds of chlorine, 15 brom ne
or iodine; (ii) an alkali netal conpgund; (i) a salt of a
guat ernary organi ¢ conpound of a G oup 15 el enent; (1v)
a trisubstituted organi c conpound of a G oup 20 15 el ement; and
(v) an oxide of gordtfdisdtdrifdl MNFOEA®n the operatfOAToE Nehe ,
under carbonyl ati on conditions of tenperature and pressure, wherein

the process is ®FIGERF outThe, Fepirement that the PEORess c18iCARTied: 5 s
Ofde oups 3(32) 9fa:iwl; 1ih tl':je s%hsfﬁnthI dbsence %,f&amid:racm,of’%and Pt
an ci nd formte est : e advant a a

benefits provi d?(f;%f? eeﬁtz%rﬂ?w iﬁﬁ%o%‘[fi)orf h%ubstaﬂmegffg n%ﬁ‘bn of
expensi ve rfobl e ewgal At ukdast 95 0ublen pércentyndof rthie ueardonyl nitseofi al
absence of nick CERMESn ' t | r ' ers | :
hazards whil e hd col nC|%n?%Té%ée)§dﬁ%+%eﬁigﬁ%’?%%eékéé%é(% t he
expect ati on t hatoRFHNRd LXOm GATRAR MRNexide rathexr than formig;agidyse
fewer problens. Anot hpHe gsitEidrdy Gnd "ésgéntia DI €SEPSnénY C6f | €he i CatdByst

gg.r} [‘Eg 5; 2%2‘3% asC}'rsq'.enn? rpz‘:ic:videﬂ 1\3/1\9 64 ;J?ril\?e?ntion can l?e_any of the Group
10 6 elements (IUPAC classification), i.e., chromium,

molybdenum, tungsten, or a mixture thereof. However,
molybdenum is the most active element and, therefore, is
preferred. The Group 6 metal can, in principle; be added
as any of a variety'offcroup 6 metal-containing

15 compounds. However, the most active metal, molybdenum,
is_generally available in its various ogide forms or as
its hexacarbonyl derivative, with the later being

preferred.
The catalytically—-effective amount of the Group 6
20 metal can be va_ried- widely but the concentration of the

metal in the liguid reaction medium typically will be in
the range of 0.0001 to 1 molar with a concentration of
0.005 to 0.5 molar being preferred. For the p:eferréd
molybdenum system, thesé molar ranges correspond to’

25 weiéht cdncentrations_ih'the rangé of 10 to 96,000 ppm
and 50 to 48,000 ppm Mo. o o

The chloride, bromide, or iodide component can be

added in any number of fo:hs such as, for example, an
alkyl halide, a hydrogen halide, a salt such as a halide

30 salt of catalyst components (2)(ii) and (2)(iii) defined
above, elementai halide,nbr any combination thereof.
The halide component preferably is an iodide. When a
halide component is present, the atomic ratio of Group 6
metal:X" (wherein X is Cl, Br or I) is 1:1 to 1:1000,

35 preferably 1:1 to 1:100.



formate ester is required in the operation of the process. The
requi rement that the process is carried out in the substanti al
absence WO%/#Tc acid or a formate ester neans t haPCHUS95/16438
substantially all, 5 e.g., at least 95 nole percent, of the carbonyl
uni ts of t he carbonyl conpounds obtained fromthe process is

obt ai ned from carbon nonoxi de rather than form c acid. The
primary and essential component of the catal yst : system provi ded by
the invention can be any of the Group ¥08 — 6 el enents (I UPAC
classification), i.e., chrom um nol ybdenum tungsten, or a m xture

t hereof . However, ol ybdenum i g t npst_ active el enepnt and,

therefore, is E’fﬁ‘@ﬂgﬁe‘ﬂéj "[I}F% M@m%lcmq p‘?grﬁ‘?’i‘ﬂ’%‘?e’bfe added
as any of a vg@) €ii) dndiude thethalides) edspecidhly thepiodides Hovder ,
the nost acti - . | nerally. il inits

vari ous oxi deﬁfeoﬁis%% %ﬂw %%xlajé%l?jb%fﬁ%agr*/ |'ve",q;%fqih‘%he I ater
being ~  HBndOr <gesium. Examples ofiithetsalts ofiquatexnaryount of the
G oup 6 g0 i € oMo ' | G5y qﬁm%@ - ' e '
metal in the clsi%?:i:%react i%ﬁdém%,n&m@#%g_iy“WI Eeéi%én#fﬁhﬁ%ﬁeﬁrange of
0.0001 to 1 R} P <8 o JHkERgen; gheaphorus anderaenics and Fheei ng
preferr ed.d Farr isubst thetted® dbrganic resngsiaidi e s & tcroup ]tlfsaelﬁﬁ%‘gt 688965
correspond t We| o) atj.ons. in. an 0f, 10 to : ppm
and 50 to 48%%_%%%’9‘%\78{.};0&&‘&%‘4‘}3 #hee %?ﬂ%ﬁtﬁqgef," e‘*‘ﬁ%ﬁe, or iodide

conponeyy can be dedti n any nunber of for such as, for exanple,
an al kyl hali dg, hyglr ogen halide, a salt jsuch as a halide 30 (
salt of catalyst c (2)%ii) and (2) (iR Qefined above,

el ement¥® halide, or am® conbination thereof. 4 The halide conponent

preferably is an i.odide. en a - -halide co nent i.s present, the
-atomc ratio of Goup 6 4 metal i X (wherein W% C, Br.ror 1) is 1:1 to
1:1000, 35 whexsin &7,y K%, 1Rf0and1RB. are hydir6cafbydigioups

PCT/ US95/ 1643bntaining up to 20 carbon atoms, Q is N, P or As and X
20 is an anion.. Because_bf'théir.availability, the
coﬁpounds:containing'nitrqgen or phosphorus generally
are preferred. Examples of the hydroéarhyi drbups are
alkyl of up to 20 carbon atoms including a:yI
sﬁbstituted'alkyl'sudﬁ'as benzyl, cycloalkyl of 5 to 7
25 ring carbon atoms; and aryl such as phenyl and
substituted phenyl such as tolyl. Examples of anion X
include halogen;' The'qﬁatefnafy:organic compounds of a
'Group 15 element and the trisubstitutgd brganic compound
of a Group 15 element also may be a heterocyclic '
30 nitrogen—containing compdﬁnd'such as pyridine,
guinoline, imidazole, N—methylpyridinium halide,
N,N'—dimethylimidazolium'haiide, and the like; or a
his—phosphine'compound such as'l,z-bié(diphenyl?hos-
. phino)ethane. | : ' ' '
'35 - Examples of the trisubstituted phosphine oxides
include compounds having the formula



Exanpl es of the al kali netal conpounds of conponent

-'8 -

(2)(ii) in e halides, especially the iodides, and yl
car boxyl atgéy%?l’% t hium potassi um rubidi um and/ or cpe‘ér{{'ﬁ%gn npl es
of the salts of quaternary 5  organic conpounds of a Goup 15 (I UPAC

cl assification) el ement, i.e. nitrogen, phosphorus and arsenic, and

t he trisubstituted organic conmpound of a Goup 15 el enent

i ncl ude conpounds have the general fornulas" 10 [err]

3 15 (1) -9 = (1) wherein Rerr],
Rlerr], Rerr] and R err] are hydrocarbyl groups containing up to 20
carbon atonms, Qis N, P or As and X 20 .S an anion. Because of their
availability the conmpounds cont ai ni ni trogen or phosphorus
generally _ are preferred. Exanples df the hydrocarbyl groups are

al kyl of uB to 20 carbon atons includﬁhg*' ‘substituted al kyl such
as benzyl, cycloalkyl of 5to 7 25 ri ngk¥ar bon atons; and aryl such as
phenyl and substituted phenyl sucqlﬁﬁ tolyl. Exanples of -anion X

i ncl ude hal ogen.  The qugtergary organi c Corfpounds of a Group, 15

el enent ah@ thewheredbsR yuRéd angaR’ carxengefiined above; BasedponsitEenent

al s0_my be a h@.bﬁf%?l_@ﬂﬂi&@{ dand":ﬂfd _ ravtf‘aﬁrl}aasir:ﬂi(r}gj,p deIWﬂﬁne
pyridi ne, yi_nol,l ne, | Z0l_e yrialnium.nnal I A€, .
NN - di et hyl | nPE388) s Pantiguiakly mrefenzed ) MR analyges jndisates

conpound such athat? thies iep o tinisubstituted iphogptinuee of3Tormula
Bxanpl es of e gihsybs bRl IRV S yRUel resured 5l Wi UMY

havi ng the for
15  conversion of the phosphine to a guaternary phosphonium

or phosphine oxide compound.
Components (2) (i), (2)(ii), (2)(iii), (2)(iv) and
(2) (v) may be used_indi?idually or in combination. The
total amount of components (2)(ii), (2)(iii), (2)(iv)
20 and (2) (v) which may be used range from 1 to 200;
preferably 1 to 30 gram atoms [(in the case of component
(2) (ii)] or moles [in the case of cdmponénts (2) (iii),
- (2) (iv) and (2) (V)] per gram atom of Group VIA metal.
The optimal combination of secondary catalyst“components
25 depends to a great extent on the nature of the olefin
reactant, the product being produced,'and the resultant
design considefations. However, the preferred catalyst
systems compriées (a) a Grdup 6 metal, especially
molybdehum, (B) at ieast 1 iodine compound and (C) at
30 least 1 component selected from an alkali metal salt, a
salt of a quaternary phosphonium compound, a trisub-
'stituted phosphiné or aﬂtrisubstituted phdsphine'oxide.
The iodine compound(s) (B) may be provided as the iodide’
salt of any of the compounds constituting component (C).
35 _ However, iodine cbmpound (B) more typically is provided
' as hydrogen iodide and/or an alkyl iodide, e.g., an
alkyl iodide containing up to 8 carbon atoms. When an
alkyl iodide is used ih the process, it preferably will
correspond to the olefin féactant, e.g., ethyl iodide
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- 9 - [err] 5

(111) 10WO%AM422i n Rlerr], Rlerr], and Rlerr] are defi nedPEHES¥/164383sed on

its |l ow volatility and ready availability, trioctyl phosphine

oxide is particularly preferred. NVR anal yses i ndicates that the use

of trisubstituted phosphines of formula (I'') in the nost active

systens results in the in situ 15 conversion of the phosphine to a

quat ernary phosphoni um or phosphiTiel®xTde conmpound.

Conponents (2) (i), (2)(ii), (2)(iii), (2)(iv) and (2)(v) may be used

i ndi vi dual | 'y I nation, T . otal _ano t onponent s

(2) (i), (2) (‘?%E?%‘ &%%;?*inﬁorea%ﬂgﬁ%Z}fv?%f%ﬂehay g‘a%"ﬁge from1
200, - pachbenylationtof aetlgylmetborsptcdmeepmﬁomic mmnent

(2) (i1)] or %428 [bro £&s, &P&Por@%&é%&'ﬁuq n%% Jf %and

(2)(v)] per granlatonlo oup n of .
secondary cateF$eRtiahiy %bdem&ﬁlsm?@laﬂgﬂ'&th%@ﬁb@yihe nat ur e

gf the & efiniodine asaetmﬁl ié@f%@[ Oliﬂﬂﬁllhelﬂﬂ mﬂdmdm@mhtmresul tant
esi gn consi er r

conpglses (A385£%§§§E?Q§$¥£¥F ﬁ@%ﬁﬁ sbe +y%%éﬂﬁﬁ?efﬁﬁgeﬁgfeast 1
i odi ne conmpoutrl eumbxlyneiadtivityfamn stahmmbupnt sel ected froman al kal i
netal salt, a The aﬁinﬁﬁuﬁl ggi@r%%ggg?gl ofg oémqlq%é I|sub-

stituted phos hi ne_ or trisubstituted odi ne

conpound(s) ( “W‘Eié'ﬁofﬁm%ss‘i% #%df—lb% nature of tthe @I8LfiN the
conpounms Corséingtused cHimeRctlie (Slef 3P exdlve 2 vape¥ i presaimwund (B)

o Yl | gl B . ot A A i SO °

. catalyst system employed and the concentrat1on of the .
various catalyst components. Generally, the process may
be operated over a range of '8 to 346 bar absolute

15 (approxlmately 116 to 5020 pounds per square inch
absolute - psla) total pressure with the preferred
pressure range belng 18 to 104 bar absolute
(approximately 261 to 1509 psia) For ethylene
carbonylatlon, a total pressure in the range of 28.6 to

20 83 bar is partzcularly preferred.

The present carbonylatlon process generally may be
carried out at temperatures in the range of 75 to 350°C,
preferably 150 to 250°C, and most preferably 150 to
200°C. The carbon monoxlde may be employed in

25 substantially pure form, as available commerclally, but

' inert diluents such as carbon dloxide, nitrogen,
'methane, and noble gases can ‘be present if desired. The
presence of inert diluents ‘does not affect the
carbOnylation reaction but their preSence'makeS'it

30 necessary to increase the total pressure in order to
maintain the desired CO partlal pressure. The presence
of minor amounts of water such as may be found in ‘the
commercial forms of the reactants 1s, however, entlrely
acceptable. The gas fed to the carbonylation process

35 preferably comprlses carbon monoxide containlng up to 50



altkyl iodide is used in the process, it preferably Wil | corfespond to

the olefin e.g., ethyl iodide WO 96/ 19427
PCT/ US95/ 170 - 10 - PCTIUSHHISA%] e

ofefin reactant is ethylene%ﬁiThus in the car bonyl ati on of ethyl ene
to produce propionic acid and/ or propionic anhydride, a catalyst
system consi sti ng essentially of nol ybdenum as nol ybdenum

hexacar bonyl, 5 i odi ne as ethyl iodide, ilthiun1as l'ithiumiodide and
trloctylphosphlne oxi de has been found to p% sess good to excel |l ent
activity and stability. The m ni num operabl e pressure is

dependent upon avolumedﬁEEééhtt %ar?égﬁtOrfhéUgPeéénEEeofaﬁyafogEntﬁﬁs

olefin 10 elng used” si.nce t I n exert pressur
dependent upon cREPR fenBAntPchauead favorablgapffectapn the rafe pfs:
system enpl oyed eagbbhiglatdenntrati on of the various cat al yst

conponents. Generall be o rated_qgver _a,range of 8
to 346 bar absol ute gltﬂg?gﬁpgg ﬂﬁ€g¥9 %38 PS gﬁ °§8§n §°ﬂe? %aﬂgre i nch
absol ute - @sia)listaofpethyhenlmn1my+unsptereteddcompoundsessure range

-being 18 to 104 Q?goﬁgfgffﬁg conta%ﬁ?ﬂg P¥biBL LY ?ﬁlcﬁﬁheﬁogtaéga)theggr

ethylene ca at1on ressure in
83 bar is partichfaRl lpitpttpadlnherent in thﬁechéQQnPfcalﬁghykatF@ﬁ

process gener al | xamy18s the h &ﬁéﬁg@drﬁd Qétiéﬁpéfahﬂﬁﬁér| Blelkgnsawdenof
i

75 to 350 C, C t f bl 150
[0 1o 350LELC the catRiEh nﬁxsﬁmegﬁayr a-hebein IhesgduckEhsi 30 Y al Ty

pure forml@s avearkokylcormearbekyjatbugroup ati amyt orel ofnthescarbans
ggg??2d§i0§Lge1 815h§%Hhe carbon”EﬁQ%ﬂ?1réQdeQQBbie9aﬁ?&rBﬁQcQ%th?iEﬂt |1

tion of 1-pentene gives mixtures of hexanoic acid,
2-methylvaleric acid, and 2-ethylbutyric acid.
A means for controlling the distribution of products for

15 olefins having 5 or more'carbens has not_Yet been
discovered. Therefere,_the utility of the present
'carbonylation proceSS for the generation of higher acids
(Cg or hlgher) 1s limited to systems 1n which the
nmixture is either tolerated or preferred. Internal

20 olefins are also useful in this reaction, but again lead
to mixtures of products. Thus, the preferred olefin
reactants consist of Cz—c4'd—olefins, i.e., ethylene,
propylene, and the butenes, where there are, at most,
"only two potential products which are readily separable.

The process may be operated in a batch, semi-

continuous or continueus mode;; Hydrocharbonylation
rates can belenhanced dramatically by using production
systems designed for very'effxcient maes transfer,

30 especially when light (C, to C;) olefins are employed.

o ' The process 1s carrled out in the presence of an
organlc solvent or diluent such as, for example,_
carboxylic acids and esters, hydrocarbons, e.g., octane,
benzene, toluene, xylene and tetralin, or halogenated

35 hydrocarbons such as the chlorobenzenes, e.g., tri- _



presence of inert diluents does not affect the car bonyl ation reaction’

but their presence nakes it 30 necessary to i.ncrease the total pressure
in orderwb®éneq2y maintain the desired CO partial pressurpcr/isss/igeBsence

of m nor anounts of water such as nmay be found in the comerci al”
forms of the reactants is, however, entirely acceptable. The gas fed
to the carbonyl ati on process 35 preferably conprises carbon nDnOX|de
containing up to 50 WO 96/19427

PCT/ US95/ 16438 - 12 — - 11 - vol unme
percent hydrogen. The presence of hydrogeh has been found to have a
favorabl e effect on the rate of car bonyl ati on. Al t hough the
olefin can becﬁ@bfﬁbéﬂz&ﬁ?”‘ér'889b5 xyliti atia eBPYL§€é£§|Lﬁcunaeturated
conpounds, I'ns.containing from - carbon atons, there

is a Iinitat|SﬁliﬁﬁgigﬁtaFﬁtPﬁﬁrcﬁBPCEth1ékﬁf|nI“FSFrta in BﬁSﬁBFEs t he
hydr oxycar bong| material maghservecasnbotht Solvent aha peastyat.SyEbem

Gosor 029 T SitabTh! o8 S5taRdOcarnBRLR/ LRl SROVREIAE Rl oHR 1 o
hydr oxyc8r bonprepared byt the carbopyhatiengpfesnndiefinsinf thexanoi ¢ acid,
2-methyl val efpfedéhde R chi:gx&?igwaei Chﬂdgr subsfafEds

1l
controlling the distri utlon 0 uct s or- hE % %lng 5 or nore
carbons has nd3Bhydropgefonditi °E$sco§§r5€ sTRRbediment:f the| ity of the

?Egsenth_ ] ﬁeébesylﬁhgo?aﬁbeﬁ?25cfaeiahfuﬂeﬂsbﬁélag Béthlﬂhﬁfodéséfh
or | er 0 SYyS n ure 1s el er
. g?ivs#ean 8 b opriphetant” BifRutls of sgrfiedbd) Son® fi ¢

tol erated or
reacti oh® butalgaibelvaed, suchtasnmixturesoofpetuyltpropibnatetand

Pr:fergfﬂyfle%rapionic ééiﬁta”&ﬁecegébE&yQEcCLSi&l “hEh' hsbd! " kRBLEE! NS,
. preferably correspond to the acid ~or the acid moiety of
~ the anhydride, being produced since the preferred
| solvent is one that is indigenous to the system, e.g.,
15 propionic acid and-or ethyl propionate in the case of
ethylene carbonylation. When not a reactant or the
product itself the”solvent or diluent preferably has a
boiling point sufficiently different from the desired
'product in the reaction mixture so that it can be
20 'readily separated as will be apparent to persons
skilled in the art. |
The reaction should be run in the presence of a
| minimum amount of corrosion metals As demonstrated in
the accompanying examples, we have found that typical
25 corrosion metals, particularly nickel and iron, inhibit’
carbonylation rate and, therefore, as is specified
hereinabove, the carhonylation process is operated in
the substantial absence,'e 9., less than 300 parts per
million (ppm), of the metals of Groups 8, 9 and 10, in
30 _general, and nickel and iron, in particular. The
inhibition caused hy nickel differentiates the present
carbonylation process of this invention from the
processes descrihed in U S. Patents 4, 372 , 889,
4,407, 726 4, 625 055, 4 537,871, 4, 335 058, 4_483,803,



propyl ene, and the butenes, where there are, at nDst only two
potenti al aduct s  whi ch are readily separable.

may be oper Q47 5 batch, seni- conti nuous or conti nﬁgﬁgg#z‘ﬁg’%
Hydr oxycar bonyl ati on rates can be enhanced dramatically by using
producti on systens. designed for very efficient: mass transfer, 30
especially when light (C2 to C4) olefins are enpl oyed. The
process is carried out in the presence of 3&? organi ¢ sol vent or

di l uent such as, for exanple, car boxyt? ¢ aci ds and esters,
hydr ocar bons, e.g., octane, benzene, toluene, xylene and tetralin, or

hal ogenat ed 35 b I z : I -

o gg/ s & 94 5FE DU 40 Pl e A ﬂa?%f%g% %ﬁ:@aff

- 12 - mmnmtzafethﬁ catalyst isystems disclosed sthexeins

cel | osol ve acetate, 14E ut 11 DEF (G rbféaégg@gsprovide@ pptenéal may
serve as both solvent a e cl ant, For

carboxyl i c aci d RERRAN 9 is erﬂ’%ﬁ%ﬁ%""o‘?r}?t% ﬁ%ﬂi’a&’l%‘ﬁlﬁ an
olefin in tshe contaphemmc.ia W 9 carlion ydtonsiciprefecabby bsarboxyl iy
anhydr ous condi ta+ r§§ cclrﬂ:éﬂi@%f@% F%(r:%%égoﬁ hgto% ’%%ﬁ%é t he

carboxylic acid I ons- as as a
reactant. M xt prefeyrakly wmpionic 1&J=id And memmdsm of sushures of

ethyl propi onat &¥bxy1ic MRS £ Ccark ?&if%f Ctﬁ& ngi“bﬁﬁ&ééd
shoul d preferabj correspond to the acl

the anhydride, Rl odtR %lq'ﬂ;@’f?f%t‘ﬁ%f%#rw&xyl§%lﬁmsrs"’%’ﬁ%rthat
i's indigermus tasd htthMﬁiﬁnue 'lihe d&borwmm mﬁetﬁlrendéﬁprféimb an

propionate in th e len cal at| npt
feactant or the 1€ ffh an 1nert, o ganic P H% c¥@§fys€ sfstem

according to the preceding descriptlon. Typically, the
-~ amount of water fed to the carbonylation zone'is at

least 1 mole-pef moie_of'olefin.and preferably is from 1

15  to 3 moles of water per mole of olefin. The manufacture
of carboxylic anhydrides is carried out under
substantially anhydrous condition as is well known in
the art. A mixture of carboxylic'aciq§ and anhydrides
can be produced by carrying out the process in the

20 presence of a limited amount of water.

. The carbonylation prodess of .the present invention
is further illustrated by the following examples. For
‘the pentene carbonylation experiments, analyses were
25 performed by gas chromatography (GC) using a Hewlett
Packard 5890 GC using a 75M (0.53 mm inside diameter,
2.5 micron film) Quadrex 007 CMPS Capillary Column and
nonane as an internal standard. A split injection was
used to introduce the sample and sample detection was
30  accomplished with TCD detector. For the ethylene
carbonylation eﬁperiments, analyses were performed by GC
using a Hewlett Packard 5890 GC using a 25M (0.25 mm
inside diameter, 0.25 micron film) Quadrex 007 FFAP
N Capillary Column and p—-xylene as an internal standard.
35 A split injection was used to introduce the sample and



‘product itself, the solvent or diluent preferably has a boi i ng point *
sufficiently different fromthe desired product in the reaction

m Xt ure wO9%/MR27 it can be 20 readi |y separated, as w |PCHESIs1p438ent to
per sons skilled in the art. The reaction should be run in
t he presence of a m ni nrum anmount of corrosion netals. As denonstrated
I n t he acconpanyi ng exanpl es, we have found that typical 25

corrosion netals, particularly nickel and iron, inhibit car bonyl ati on
rate and, therefore, as is specified = 14 hereinabove, the carbonyl ation
process is operated in t he substanti al absence e.g., less than 300
parts per m_l|ion | of the netals of s 8, 9 and 10, in 30
general , and FREPIE Qﬁ@e§§32% WASs, accomplishedry, th Tep detestoron caused
by nickel difThecpressareshgivensare total pressares: ianbarecess of this

I nvention fr°g§§Q§g§e- processes described in U:S. Patents 4,372, 889,

4,407,726, 4, , 4, 537 871 4 335, 058, 4, 483, 803, WD 96/ 19427
PCT/ US95/ 16438 : - - 13 - 4, 354, 036,
4, 540, 81§ whegghngEEEeI i's the prlnary ~ = conmponent of the catal yst
systens di scl 0se erein primary utility of processes

provided by the A splutden PﬁvénﬂlSn°ﬁs4FﬁeaﬁP&B&FabV§ﬁ°SﬁncéP§é§9I|c
acids 5 COoQD30IB7Umdles &fcamlyqnsatgﬁ&s afeiwatabl ywa’ a@iuked to acids

t 3 t d d,
and the anhydMieSoR i80cRE0B1oniE BETH: me aetyBREy " ABe! tBER, ABORBR of (e
appropriate of watcrlpressntheinaﬂuﬁangutheoHIcsnhuxybnc wasdg.6water 10
s incl yged 'ﬁo&agvga&mayka&ueacp ¥hu Saaaapebsangoan olefin, an

inert, organic SO and a cata accordi'ng.to the
precedlng desgpppppéﬁaliypp§&ppyd,tﬁgrrosion-reszstant autoclave

containing 1.45 g (0.0055 moles, 5.5 mmol) of molybdenum
hexacarbonyl (Mo(CO)¢) and 6.55 g (0.025 mol, és-mmol)
of triphenylphosphine (Ph3P). The autoclave then was

15 sealed and thoroughly flushed with nitrogen.

‘1-Pentene (35 g, 0.5 moles) then was added to the

autoclave via a high-pressure, liquid addition funnel.
The system then was pressurized to 2.7 bar (39 psia)
with hydrogen and then to 7.9 bar (115 psia) with carbon

20 monoxide. The mixture was heated to 175°C, which
typically brought the pressure to 21.7 to 25.1 bar (315-—
350 psi) and then the pressure was adjusted to 35.5 bar
(515 psi) with carbon monoxide. The reaction was
maintained at 175°C and 35.5 bar for 5 hours, adding

25 carbon monoxide as needed to maintain the pressure. The
autoclave then was cooled, vented, and a sample removed
and analyzed for l-pentene, trans—2-pentene, cis-—-2-pen—
tene, hexanoic acid, 2-methylvaleric acid and 2—-ethyl—
butyric acid.  The 2-methylvaleric acid and. 2—ethyl-—

30 butyric acid were not completely separable and are

reported together as branched C4 acids. The results of
the analysis are shown in Table I. The value reported
in Table I for each component is the weiéht percent of
the component present in the reaction mixture.

35



anount of water fed to the carbonylation zone is at | east 1 nol e per
nol e of olefin and preferably is from1l 15 to 3 noles of | e
of ol efi n. WOMEME \uf acture of carboxylic anhydrides is g%??led out
under substantially anhydrous condition as is well known in t he
art. A mxture-of carboxylic acids and anhydri des can be produced by
carrying out the process in the 20 presence of a limted anmount of water.
The carbonyl ati on process of the present_iqﬁgqgion is further
illustrated by the foll ow ng exanpl es. For t he pentene carbonyl ation
experinments, analyses were 25 performed by gas chromatography (GC) using
a Hew ett B g 890 GC using a 75M (0.53 nmminside dianeter,

2.5 micron fil 007 CWPS Capillary Col um and onane, as an
i nternal standard. AXmokutign@f P.hgrams of,watex, (%ﬁd&&&? e sanpl e

and sanpl e det eqigs WAoBPropicrie| dcie drak tdudéd Eet£c300 .mL For the |
si g 5 Hewl ot ¢ TRRRATE0-AELinady, SRy R seapatant SyRieHvdY T
0.25 micrors fil jorkasihing GLAFRAR0.011 mles) akly mMwlinefimplyhdenye as
el ot 23l kariiny ! B (co) Y Siid A 9Py bl diidObree the
PCT/ US95/ 16438 lithium acetate dihydrate (LiOAc°2H,0):.4 The autoclqgghp|e
detection was acup!wadieskdidd and €iedPGigily £lushed heith enbtregeni ven
are total pressures I{nggégne (35 g?sglgtﬁéles) then was added to the
io0 autoclave via a high-pressure, liquid addition funnel.
The system then was pressurized to 2.7 bar (29 psia)
with hydrogen and then to 7.9 bar (115 psia) with carbon
monoxide. The mixture was heated to 200°C and then the
pressure was adjusted to 35.5 bar (515 psia) with carbon
15  monoxide. The reaction was maintained at 200°C and 35.5
bar for 5 hours, adding carbon monoxide as needed to
maintain the pressure. The autoclave then was cooled,
ventéd, and a sample was removed and qpalyzed for 1-pen—
tene, trans—2-pentene, cis—2—-pentene, hexanoic acid,
20 2-methylvaleric acid and 2—ethylbutyric acid. As in
Example 1, 2-methylvaleric acid and 2—ethy1butyric'acid'
are reported together as branched Cg acids. The results
of the analysis are shown in Table I. This example
demonstrates ;hat,_with proper choice of catalyst
25 éopromoter, the halide may be pptional but results in a
process that is inferior even when employing more

catalyst and higher temperatures.

_ EXAMPLE 3 _ :
. 30 , The procedure described in Example 1 was repeated

except the triphenylphosphine was onmitted. The

analytical data obtained are shown in Table I. This

example shows that the Group 6 metal and an iodine

component are sufficient for catalysis, but inferior to
35 systems containing additional copromoters.



5 EXAMPLE 1 A solution of 5.1 g of 47% aqueous hydrogen
| odi de (0.0187 noles of H), 8 grans of water, was diluted to
115 g wwo9¢tap? oni c acid as solvent. The total anount  PCI/USISA6438t er

¥

present, including the H solution, was 0.6 10 mol es. This solution was"

added to a 300 ni, . mechanically-stirred, corrosion-reristant

aut ocl ave containing 1.45 g (0.0055 noles, 5.5 mmol) of nol ybdenum
hexacar bonyl (Md(CO[err]) and 6.55 g (0.025 nol, 25 mmol) of

tri phenyl phosphi ne (Ph3P). The autocl aveié6hen was 15 seal ed and

t horoughly flushed with nitrogen. 1- Pentene (35 g, 0.5 noles)

t hen was added to the autocl ave via a high-pressure, -liquid addition
funnel . OMPAR G A ANE s pressurized to 2.7 bar (39 psia)

wi th hydrogen and ﬁk@?w . &bafeﬁté&ée@%féeﬁ\ttﬂx&aém MSfco) ¢ WX de.
The m xture was e%Ee {0 174 %Edf I broﬁjght t he
pressure to ZAnittedos Krom the aiyt cal data gho rﬁgﬁ }eclpressure
was adj ust ed omlypSca Svéry minor qﬁiﬂﬁi‘t}pld%ﬁédﬁh&ﬁi@ f r&mmdﬂlél'hgd ,
reacti ong was 1 n ar s, adding 5
car bon rrrsonomaeldass %éeigay%a*%@érjm?én?a sﬁ?ﬁ% %’?%'!éh h°'%1 &Qg%h aut ocl ave

. then was cool@tp'«l!&eﬁltwahntﬁmWMennved ' and anal yzed for

1- pentene, trans-2-pentene, cis-2-pen- tene, hexanoic acid, 2-nmethylvaleric

acid and 2-ethyl.- butyric aC|d - The 2-nmethylvaleric acid and
2-ethy|-.1ﬂ)Egé¥Rk§+$c acid were not conpletely separable and are

reporLed toget her mmwmmme%m Exsnple I)Lvlwas refpeam ﬁnal ysis
are s | ve, feport Tabl.e, | for, eac
conponeh Eghbéé“\é f@‘mérr%f %r# ()#f of) ?Wt&mﬁ PRine gxi ‘f?l the
reaction m xtiﬁfeaPO)SBWas used\Ar0 Plewe of triphenylphosphine. The
PCT/U595/16m¥%alytical data obtained are shown in ‘Table I. This

example demonstrates the utility of oxides of Group 15.

15  EXAMPLE 5
The procedure described in Example 1 was repeated
except that 1.94 g (0.0055 mol) tungsten hexacarbonyl
(W(CO)g) was used in place of Mo(CO)¢. The analytical
data obtained are shown in Table I.
20 '
EXAMPLE 6 .
A solution of 10.2 g of 47% agueous hydrogen iodide
(0.0394 moles of HI), 6.93 grams of water, was diluted
to 115 g with propionic acid as solvent. The total
25 water present, including the HI solution, was 0.6 moles.
This solution was added to a 300 mL, corrosion
resistant, mechanically stirred autoclave cbntaining
3.87 g (0.011 moles, 11 mmol) of tungsten hexacarbonyl
(W(CO)¢) and 13.9 g (0.05 mol) of triphenylphosphine
30 oxide. The autoclave then was sealed and thoroughly
flushed with nitrogen. '
1-Pentene (35 g, 0.5 moles) was added to the
autoclave via a high—pressure,_liqﬁid addition funnel. .
The system then was ptessurized to 2.7 bar (29 psia)
35 with hydrogen and then to 7.9 bar (115 psia) with carbon



EXAMPLE 2 A solution of 10.7 grans of water (0.6 nobles) in
104.3 g of propionic acid was added to a 300 nL mechani cal | y-stirred,
corrosi on- 'WOPE1IM2AT aut ocl ave 5 containing 2.90 g (0.011PEHO8/16438
mol ) of nol ybdenum hexacar bonyl (M(CO[err]) and 1.02 g (0.01

nol es) of l'ithiumacetate di hydrate (Li OAc[err]2Herr]0). The

aut ocl ave then was seal ed and thoroughly flushed with nitrogen.
1-Pentene (35 g, 0.5 noles) then was added to the 10 aut ocl ave via a

hi gh-pressure, liquid addition funnel. = 17The system then was
pressurized to 2.7 bar (29 psia) wi th hydrogen and then to 7.9 bar
(115 psia) with ca The m xture was heated to 200[err]C

rbo nonQxi de.
and then the _m°“ﬁ?=3€§ure%m@ea%h9§ts%£° 9P and them, bon
15 monoxi de. ihressaa-et was adjustied oSG2 .3t bad0[(Tes] Psia) 3Gth carborbar

bressure. The auPPRPias ) aie SHeeE 1354 Vel ha'iGrainea B, UL Wi 52,7
renmoved and anal Mdfm‘r 51 howrs, adding’emrhmamqubq @se nesided feent ene,
hexanoi ¢ aCBd Zﬁaint%iﬁe%i’:ﬂ ﬁe*’s;] AC| %ﬁ%&o@l@debgﬂgd Wt idbolelf, 1 N

Exanmple 1, 2- | val eric ac a utyric aci are reported
t oget her as br anE gbted; andy §@Ist ;emoved and pnadyaed; i for; d=nefmn

in Table |. Thi Stemrmita-ans-z—pféﬁwﬂ I Yies-2tipdn teﬂet hu@mwm:msi@a of

catal yst 25 cqQpLo haI| QI .but I S i,n a
process that is ?Epgﬁﬁgﬁ éﬁk#%@ﬁmfﬁﬂii? Yrid Sadd hi gher

t enper at ur es. ExamplEXAIVPIZEn(emlvaleric Bodd mxdecaﬂea:wéshu‘hm«b iaecid

Ex le 1 t
AT ¢ L i g, e U b et b B

exanpl e shows th&f sdsmars shewvmin Jakde I conponent are
sufficient for cataIyS|s but inferior to . 35 systens cont ai ni ng

addi ti onal coprog&é&&iz;z

The procedure described in Example 1 was repeated
15 except that 1.21 g (0.0055 mol) chromium hexacarbonyl
(Cr(Co0)¢) was used in'place of Mo(C6)6. The results of
the analysis are shown in Table I. This example
| demonstrates the use of chromium as tpe Group VIA metal
component of the catalyst system.
20
E E 8
The procedure of Example 6 was repeated except
2.42 g (0.011 mol) chromium hexacarbonyl (Cr(CO)g) was
used in place of W(CO)g and the HI was replaced with-
25 2.50 g (0.037 mol) of LiI. The results of the analysis
are shown in Table I. This example serves to '
demonstrate both the use of chromium as the primary
catalyst component and the use of an alternative iodide
source (LiI). '
30
The procedure described in'Exampie 1 was repeated
except that 19 mmol of HCl1l (added as concentrated
hydrochloric acid) was used in place of HI. The results
35 of the analysis are shown in Table I and indicate that,
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- 16 - COVPARATI VE EXAMPLE 1 Exanple 1 mas r epeat ed
except t I\/b(CO)[err] was . onmtted. Fromthe g Wdata
shown in ab e only a very mnor quantity of |soner|c

carboxylic acrds can be detected. This exanple shows that the

G oup 6 netal I S necessary. EXAMPLE 4 The procedure
described in Exanple 1 was repeated 10 except that 6.95 g (25 nmol)

tri phenyl phosphi ne oxi de (Ph3PO mgg used in place of

tri phenyl phosphi ne. The anal yti cal “data obtai ned are shown in Table
. This exanpl e denonstrates the utility of oxides of Goup 15. 15

EXAMPLE 5 T es i b agpl S ted
except that 1. ﬁﬁhgu?ﬁ gﬁ§§£98fd9§uﬁgé gé hggéég?gg SSAf&T 9%C£§Ferr])

was used in phadé BfCRBPQEfPErﬁF th?héaﬁﬂéY9trcal data obtained are
shown in Table |. 20 - EXAMPLE 6 ' A solution of 10.2 g of 47%

aqueous hydrogggﬂéﬁglgg.- - (0.0394 moles of H), 6.93 grans of water,
was dil uted 5 g with propionic acid as solvent. The total 25
wat er pr®sent, inCTndipgoceénrb oﬁlExamplemaswﬂs6repeéted eXceththat
sol ution was t r S |y
stirred autoc ave ﬁ?%§gomgh &8 gﬁ%&'\v?% %‘1‘1&&1’ &ﬂﬁ.jlt I’?g ﬁé
tungst en hex aBlagh mready PI‘Q%Q!!D [Ehe |3nalyticad :gequ)lts axe )shown
triphenyl phosphi mf& 1 afdl éﬂrthefedéﬁéﬂétf‘élﬁetEﬁ&‘%‘“@ﬁléﬁfﬁédlﬁ”ﬂ'n

t hor oughl - Pentene (35 g, 0.5
nDIes)gmag adﬂ@ﬁr?Bf aleIQ 1n%ergor, halide component. (

10 - | h {

EXAMPLE 11 ' '
ihe procedure of Example 4 was repeated except that

hydrogen bromide (HBr, 19 mmol as a concentrated,
‘aqueous HBr solution) was used in place.of'HI. The

15 analytical data obtained from this example'are'shown in
Table 1 and indicate that bromide is a useful but
inferior halide component of the catalyst system.

EXAMPLE 12
20 : The procedure of Example 4 was repeated except that

2.50 g (19 mmol) of LiI was used in place of the HI

component. The analytical data obtalned from thls

example are shown in Table 1 and establish the use of

LiI as both the source of hallde component and the
25 copromoter.

EXAMPLE 13
The procedure described in Examp1e 1 was repeated
except that the aqueous hydrogen iodide was replaced
30 with 2.37 g- (9.4 mmol as I,) of molecular iodine 1.43 g
‘ water. The results of the analysis are shown in Table I
" and demonstrate the use of a different iodine source.



autocl ave via a high-pressure, liquid addition funnel. The system
then was pressurized to 2.7 bar (29 psia) 35 wth hydrog$%ﬁﬂgkﬁﬁﬁw to

7.9 bar (1WOEM with carbon WO 96/ 19427 -

PCT/ US95/ 16438 - 17 - nonoxi de.
The m xture was heated to 200[err]C and then the pressure was adj usted
to 52.7 bar (7,65 psia) with carbon nonoxi de. The autocl ave was
mai nt ai ned at 200[err] C and 52.7 bar for 5 hours, adding carbon
nonoxi de as needed to 5 mai nt ai n the'b9é5§hre. . The autocl ave then was
cool ed, vented, and a sanple was renoved and anal yzed for 1-pen-

tene, trans-2-p = G S-2-pentene, hexanoi ¢ acid, 2- et hyl val eri c
acid and 2- ethyﬁgéﬁﬁﬁggaébld As in : Exanpl e 1, 2-methylvaleric acid
and 2-ethyl butyric acihe procedure dgsmuiked doetBrampke bk washXEREALRI ds.
The results [ 51?& EXELE 7
The procedure descrlpbegﬁrll ﬁ% m%f\g%atugmf‘?fog%&clcﬁli’?% 21 g
(0. 0055 nol) chrmﬁﬁﬁ%é&lch-rﬁ)(ﬁlwf 47% aquaqusifler (9 ’!FEJeCP Hace of
M(CO[errls Ththe addirtdiof the drlyEis Ydxe stcws rm/ru'amaam e This Thi s

Comonent of t hPRAReAR W ehaLpt SYelenRgile nfonls dholftd0F ene

procedure of Exampmak¥ ismomerpgathekanoiptacid). 2.42 g (0.011 nol)

chrom um hexacar bonyl (Cr(COf[err]) was used in place of WCO |[err]
and the H was reEIaced wth 25 2.50 g (0.037 nol) of Lil. The results
of the analysis

10 " The procedure of-Example 1 was repeated except that

a pressure of 52.7 bar (765 psia) was used over the 5
hour reaction period. The results of the analysis are
shown in Table I.

15 EXAMPLE 16
The procedure described in Example 1 was repeated
except that a pressure of 69.9 bar (1015 psia) was used
‘over the 5 hour reaction period; The results of the
analysis are shown in Table I.

20

E E 17

The procedure described in Example 12 was repeated
. except that the reaetion-was run at 52.7 bar (765 psi)
and 2oo5c. The enalytical results obtained from this

25 experiment are shown in Table 1. The use of higher
temperature and pressure raised the total amount of
carboxylic acids formed.

EXAMPLE 18 :

30 A solution of 10.2 g of 47% agueous hydrogen iodide
(0.0394 moles of HI), 6.93 grams of water, was diluted
to 150 g with propionic acid as solvent. The total
water present, including agqueous HI solution, was 0.6
moles. This solution was added to a 300 nmL,

35 mechanically-stirred, corrosion—resistant autoclave



are shown in Table |I. This exanple serves to dermonstrate both the use"*

of chrom um as the primary cat al yst conponent and the use of an

al t er natywgoesngagy de source (Lil). 30 EXAMPLE Ypcrrusesiieass The
procedure described in Exanple 1 was repeated except that 19 mmol of
HCl (added as concentrated hydrochl oric acid) was used in place of

H . The results 35 of the analysis are shown i.n Table | and indicate

t hat, WD 96/ 19427

PCT/ US95/ 16438 - 20 - - 18 - al t hough
inferior to iodide, chloride is useful as the hal i de conponent of the
cat al yst. EXAMPLE 10 5 The procedure of Exanple 9 was

repeat ed excefentaining 2.99 g5 (§.0310m01es!,) 131 mmeldr PEP@OLYbARBUBI in

addition to th&xacarboﬁﬁ)hef Mo co)! ?adhdpigssnt; (Ehesaﬂahyt bgal results are
shown Table_.1.and_f urtheP deronst r at hat chloride is an

oper abl e, aIb Aockyaphgephine gxidgm, au clave” ‘then\prp sealed
The procedur eanfi Eharphgh&ywtaushpﬂawﬂthenﬂtﬂbghhat - hydrogen broni de
(HBr, 19gmmol

pl ace of HI as i%cﬁgﬁgggkﬁklcap'dgtg §§ﬁ§gﬁ88§g ﬁ??ﬁtSQHQBﬁperZEg ;Romn
in TabléuSOQAQVBnNﬂcaﬂehngarplessuuc.|iiquddeadﬂihﬁbn funnelnferior
hal i de conpongfe 8istlh thknl ¥ak prebslirized to 2.7 bar (29 psia)
with hydrogen and then to 7.9 bar (115 psia) with carbon
monoxide. The mixture was heated to 200°C and then the
10 ‘pressure was adjusted to 52.7 bar (765 psia) with carbon {

monoxide. The reaction was maintained at 200°C and 52.7

bar for 5 hours, adding carbon monoxide as needed to

maintain the pressure. The autoclave then was cooled,

vented, and a sample removed and analyzed for l-pentene,

15 trans—2-pentene, cis-2-pentene, hexahoic=acid, 2-methyl~-
valeric acid and 2-ethylbutyric acid. -As in Example 1,
2-methylvaleric acid and 2—-ethylbutyric acid are
reported together as branched Cg acids. The results of
the analysis are shown in Table I. - .

20 .

EXAMPLE 19 _

o The procedure described in Example 8 was repeated-
using 19.3 g (0.05 mol) of trioctylphosphine oxide in
place of the triphenylphosphine oxide. The analytical

25 data obtained from this example are shown Table I.

EXAMPLE 20
The procedure of Example 6 was repeated except that
35 g (0.5 moles) of 2—pentene were used in place of
30 1-pentene and the W(CO), was replaced with 2.90 g (0.011
moles) of Mo(CO)g. The analytical results obtained are
shown in Table I. This example demonstrates that
internal olefins are useful in this process as well. It
also serves to demonstrate that the-iscmeriZation of the
35 olefins observéd in this process is not important since



EXAMPLE 12 20 The procedure of Exanple 4 was repeated except that
2.50 g (19 Lil was used in place of the H
anal yti cal %b&g{ ained fromthis exanpl e are shown W% and

establi sh the use of Li-l. as both the source of halide conponent and
the 25 copronoter. EXAMPLE 13 The procedure descri bed
in Exanple 1 was repeated except that the aqueous hydrogen iodi de was
repl aced 30 with 2.37 g (9.4 mmol as I[err]) of nolecular iodine 1.43 g
water. The results of the analysis are sho®h +n Table | and
denonstrate the use of a different iodine source. WO 96/ 19427
PCT/ US95/ 16438 19 EXAMPLE 14
The procedure detR®ieomersBls| ead ke FEﬁei?Eﬁrat1°“e?€eEPetﬁﬁ?lFﬁé
anount of aqueousaiyoxplbe aetidgde was |l owered to 1.5 g of 47% aqueous
H (0.0055 mol of H). 5 The results nal ySis are shown in Table
. This procedure and catal yst sys _ hi gher amounts of the
normal isomer (n-hexanoic acid). - EXAMPLE 15 1Branched THexanotiedure
of Exanple 3 wasExampleed cirPemtenet 2—Pentenesssu€é A€ids 7 baAcide6s
psia) was used overjthe 5 o.§our reactyon period. fgesresults of4the
anal ysis are
2 10.9 . 4.1 2.2 0.9
3 1.5 8.6 1.1 3.0
c-1 4.8 8.2 0.3 trace
10 4 2.9 11.5 . 7.2 4.0
5 | 0.7 6.6 4.9 5.5
6 . 0.5 4.5 8.4 1.6
7 1.5 7.4 3.9 ' 4.5
8 007 . 7.5 2.1 3.2
15 9 . . 2.8 . 2.6 _ . 0.6 1.6
10 . 5.2 4.0 0.7 2.2
11 3.3 7.2 0.3 2.2
12 0.9 11.7 2.2 3.9
13 0.6 7.4 5.4 5.4
20 14 . 0.5 7.5 6.4 10.8
15 0.3 6.4 6.6 6.8
16 0.9 5.7 - 7.2 7.3
17 0.9 8.0 7.4 2.6
18 0.8 9.5 6.5 2.4
25 - 19 0.5 6.9 ' 2.0 2.8
20 0.8 15.7 4.1 3.3
EXAMPLE 21

A solution'cdnSisfing'of 72 g (4.0 moles)'water,_
30 . 54.6 g ethyl iodide (EtI), and 178 g (2.97 moles) of
"acetic acid was added to a 1 L, mechanically-stirred,
corrosion-resistant autoclave containing 5.81 g (0.022
moles) of Mo(CO), and 38.6 g (0.1 moles) of tetrabutyl-
phosphonium iodide (Bu,PI). (The acetic acid acts as
35 both solvent and internal standard for the reaction.)



shown in Table I. 15 EXAMPLE 16 The procedure described in
Exanpl e 1 was repeated except that a pressure of 69.9 bar (1015 psia)

was useGypogrroqzPVver the 5 hour reaction period. The resulpéSroéosiibiis

anal ysis are shown in Table |I. 20 EXAMPLE 17 The procedure’
described in Exanple 12 was repeated except that the reaction was run
at 52.7 bar (765 psi) and 200[err]C. The analytical results obtained
fromthis 25 experinment are shown in Table 1. The use of higher
tenperature and pressure raised the totalazanount of car boxylic acids

f or med. 30 A solution of 10.2 g of 47% aqueous hydrogen i odi de
(0.0394 noles of H), 6.93 grans of water, was dil uted to 150 g with

propi oni ¢ aci Thas astﬂondm’re,Tlmim slas equippetewithcecdip itmbeudiorgy aqueous

H sol uti on, Prg' g, was @aﬁ%ﬂ TRicstad o aukogem @rq.(tﬁd%rggﬁ%mm 35

nechanlcally St I oNn-r ési st.ant
PCT/ US95/ 16438nd then pressurized successzvely with $39. bar (100 psdidai ni ng

2.90 g (0.011 jpRrenents &0 bg RPN monoxidRX2anabEINnally
(M(CO[err]) 1 gp 5.mol) of 3 trioctylphosphlne OXIde The
autoclav theﬂlﬁgheéggﬂéﬁ and thoroughly flushed with nitrogen.
The autoclave was then heated to 180°C and then the
pressure was adjusted to 55.1 bar (800 psi) using a
mixture of 1:1 ethylene:carbon monoxide. These
conditions were maintained for 90 minutes. The progress
10 . of the reaction was monitored by removing and analyzing (
liguid samples via the dip tube every 8 minutes for the
first hour of the reaction. After the 90 minute reaction
pericd had elapsed, the reaction was cooled and vented.
The resultant solution was analyzed for ethyl acetate,
15 ethyl propionate, acetic acid, and propionic acid.
The moles of ptbpionyl groups generated (the sum of
the propionic acid and ethyl propionate) can be
determined from the GC data using the following formula:

20 | [(X..r74) + (X..7102)]
. np . o= xpa : ep/' . "Nyo

[(xeg/8.8) + (X,,760)]

wherein
n = moles
25 X = weight- fraction (obtained from GC analysis)
n, = total moles of propionyl products
n,° = moles of acetyl initially present
= acetic acid added at start .
and wherein ep = ethyl propipnate; pa = propionic acid;

30 eas= ethyl'acetate, and aa = acetic acid.

- ' The results of the ana1y51s are shown 1n Table II.
The value reported in Table II for each component is the
weight percent of the_component present in the reaction
mixture except for the total moles of propionyl produced



5 1- Pentene (35 g, 0.5 noles) was added to the aut ocl ave vi a
a high-pre | qui d addi tion funnel. The systemt
p(essurizesaﬁgsgug;bar (29 psia) wi t h hydrogen and thgﬁe?ﬁﬁﬁﬂeﬁBar
(115 psia) with carbon . monoxi de. The m xture was heated to 200C and
then the 10 pressure was adjusted to 52.7 bar (765 psia) with carbon
nonoxi de. The reaction was nai ntai ned at 200[err]C and 52.7 bar for 5
hours, addi ng carbon nonoxi de as needed to mai ntai n the pressure. The
aut ocl ave then mas cool ed, vent ed, aﬁa a sanpl e renoved and anal yzed
for 1-pentene, trans- 2- pentene ci s- 2- pent ene, hexanoi c acid,

2- et hyl - | Is r | |

2-nmet hyl val eric amh%E 9§%§1GPSHS y%@%k@#%yégiSﬂidied‘éi d&FE%qtogether as
branched C[ err] akev@s. The results of the analysis are shown in
Table 1. 20 EXAMPLE 19 The procedure described in Exanpl e
8 was repeated sing 19.3 g (0.05 nol) of trioctyl phosphi ne oxide in
pl ace of the trﬁ#ﬁ@ﬁ%&ﬁh@gﬁﬁﬁne oxi de. The anal ytical 25 dat a obt ai ned
fron1;his B?anple ?rmhthWDcéﬂdrt BescribedlfﬁﬁﬁﬁadEIH)21 was repedﬁﬁﬂ f
procedure of Ex eat.e o]

2- pentene were gsggd%?‘%mglaage%%f %?OQi%ﬁlq%enteé%ept&(?nt r‘é‘;ﬁ;é&q d?lm%ﬁ

repl aced with 2080tgtrabutylphosphesian icdide @oe ased JJletaamﬂJ%/tZanl
results obtai nednal Qii) in ¥aAMples 2303D lthe Fﬂﬁmﬁmﬁwt es

t hat i nternal, olefins are useful .in_this process as well.
al so serves to. W2S: replaced: ¥ & fecandaTy ratalyst oI efi ns
observed 20 thi somponent i(amedl) Iisted belowice W96/ 19427
PCT/ US95/ 16438 Example 23 Sodium Iodide (10201) i
Example 24 . Lithium Iodide (100)
- Example 25 Potassium Iodide (100)
Example 26 Tetrabutylammonium (100)
15 Iodide
Example 27 Tetra—-n-octylphos— (40)
- phonium Iodide -
Example 28 Cesium Iodide (100)
Example 29 Triphenylphosphine (100)
20 Example 30 = Triphenylphosphine (100)
Oxide

The analytical results obtained from Examples 22-30 and
the total moles of propionyl produced in each example
are shown in Table II.
25 | |
EXAMPLE 31 .
The procedure described in Example 21 was repeated
‘except that 95.3 g of 47% agqueous hydrogen iodide (0.35
, moles as HI) was used in place of ethyl iodide. The
30 analytical results are shown in Table'II.



the isoners also |ead to the generation of the desired car boxylic

aci ds. TABLE |
Branchedwo &igieagoi ¢ 5 Exanpl e 1-Pentene  2- Pent engiermdolidiss ds
Aci d 1 0.6 2.3 15. 3 7.7
2 10.9 4.1 2.2 0.9 3
1.5 8.6 1.1 3.0 C1 4.8
8.2 . 0.3 trace 10 4 2.9 11.5
7.2 4.0 5 0.7 6.6 4.9
5.5 6 0.5 4.5 24 - 8. 4 1.6
7 1.5 7.1 3.9 - 4.5 8
0.7 7.5 2.1 - : 5 9 2.8
2.6 0.6 1.6 JABLEII g ) 4.0
0.7 2.2 11Ethyl - 3.Bcetic Prgplonic Boles
2.2 12Example Rropionate 11.Acid aAcid Propionyl
13 0.6 21 7. f$.1 53%.4 38.4 20 385
0.5 5 7.5 2 ' 6.4 .10. 8 15 0.3
6.4 6. 62 6.8 08 16 38.3 (. 22.9 5. %-47
7.2 7.3 23 17 1.2 =~ 0.938.6 $508 2.29
2.6 18 0.8 9 . .P. .4a 25
19 0.52% 6.5:° 8P 18:¢ 6,70
0.8 15. 725 4046 - 346.0 14@®MWPLE 21 0.79 A
sol ution consistygg of 72 g §4.0 nol es)sgager, 30,49, 354.6 g et | odi de
(Etl), and 178 g? 2.97 nnles% of =~ . acetic acid was added t%ygpl L,
mechani c8 1 y-sti4fed, orrosi on-r32i&tant at#oll ave cont@i¥¥ng 5.81 §
(0.022 nolzg) of Mo(QQ4err] and $8.6 ¢ (0.4dsppl es) of tzjaqbutyl -
phosphoni um i odi (Bu[err]PL). (The acgtigc acid ts as .35 boi h sol vent
and i nternal sté%gard for tﬂg reaction.?é’g 7.2 : : 1‘§q

30 1.4 ' 45.2 21.4 1.19

31 o0 46.6 ' 15.2 ' 0.86

15 .
EXAMPLE 32

To allow the measurement of reaction rates, a 2 L
autoclave constructed of a.corrosion-?esistant alloy was
_ fitted with a high pressure condenser and a dip tube for
.20 removing samples during the course of the reaction. To
' the autoclave was added 5.81 g (0.022 moles) of Mo(CO)6,
19.3 g (0.050 moles) of tetrabutylphosphonium iodide,
109.2 g (0.700 moles) of ethyl iodide and 555 g (7.5
moles) of propionic acid. The condenser temperature is
25 set at 5-~10°C using a cooled ethylene glycol-water
' mixture. The autoclave then was pressure tested with
nitrogen at 68.9 bar (1000 psi) and a gas purge of 2
- moles/hour of gas was established through the high
pressure condenser. During the.reéction this gas purge
30 permits control of the gas composition over the reaction
mixture and is necessary for kinetic measurements.

The nitrogén was vented off, the autoclave was
pressurized to 24.1 bar (350 psi) with 5% hydrogen in
carbon monoxide, and then heated to 180°C. The 2

35 moles/hour of gas purge is maintained throughout heating

{
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- 22 - The autocl ave, which was equi pped wth a dip f

sanpl i ng, WR96/3M2Ted, tested for |eaks with nitrogen, "‘?ﬁgg’f’ﬁ@ﬂ“
pressuri zed successively with 6.9 bar (100 psi) i ncrenments of
hydrogen, carbon nonoxide, and finally 5 wth ethylene. The
aut ocl ave was then heated t0 180[err]C and then the pressure was
adjusted to 55.1 bar (800 psi) using a m xture of 1:1 ethyl ene: carbon
nonoxi de. These condi ti ons were najﬁtéﬁﬁéd for 90 m nutes. The
progress 10 of the reaction was nonitored by renoving and anal yzi ng

liquid sanples via_the dip tube every 8 mnutes,fo | hoyr of
the reaction. AR ?h% §€bﬁ?ﬁﬂ?E¥rE§E?Fbﬂn' éhepéf%gguﬁgdiglgggééé ?ﬂe
reacti on was coo$®dlabarv¢aoedpsi) usifgeargasl mixture| gensistinganfl yzed

for ethyl acelalfanls 483 0y |all PP GtRy) 681 WELSE! deifg denaca! oni C acid.
The nol es of propr ofYyl group generate %e sum of the pro i8nic
acid and ethyl prebeshenE)pPurgepto malntGéPeFﬁPnEBsfPéﬁFPﬁ@‘GCB&gﬁa usi ng
the followigg fogskpdes ar€ removed every 20 mifutes for 5 hobeseand

n = noles 25 X = i ght, fracti obtai ned_f an ls

nferr] = totalaﬁﬁig§°8f¥§Fgﬁ%BX§l1ﬂﬂggﬁgt§£ﬁyﬂ probgghggférg%xiéaééfes of
acetyl initiallyaphpdeitie, and propionic aciddeti cGasi sanpdes ailsot are

and wherein €0 rghivbaPhglk39ohfia BAaIy2eBPhY"LE 6l dnpile tndt End! Gk
acetate; and aa = acetic acird. | he results of the analysis are
shown in Tabl e |mixture igeconpistenfer The melazpauanptitdies.9f,PrORIORf
is the 10Vei Jhhnparsast (Al NEcAiRe e iEEOMIined Livon crleé iGD data

using the following eguation:
s _ Xpan | S npa° -+ ng;°
fpan = 130 [ (Xg17156) + (X5 74) + (Xpan130) +(Xgp”102) ]
15 wherein
n; = moles of the component

X, = weight fraction of the component (obtained

e §
from GC analysis)

n,,° = moles of propionyl initially p:esent
20 = propionic acid added at start
n,;° = ethyl iodide initially added
Wt = Weight of reaction mixture
and ep = ethyl propionate; pa = propionic acid;
pan = propionic anhydride; and ei = ethyl iodide.

25 - The molar quantities were plotted against time and .
the reaction displayed an essentially linear behavior
over the first 100 minutes of the reaction. Therefore,
the rate of the reaction (expresséd'as'moles of
propionic anhydride formed/kg. of initial reaction

30 solution/hour) was readily determined by using a best
fit slope of this plot over the course of the first 100
minutes of the reaction. This is consistent with the
general practice in the art since conversions do not
exceed 35% and are consistent with the method of initial

35 rates. Using this methbd, the rate of prop;onic



m xture except for the total noles of propionyl produced WO 96/ 19427
PCT/ US95/ 16438 - 23 - (Mol es
Pr opi onwo9éroyz7h were cal cul ated as descri bed

22-30 5 The procedure described in Exanple 21 was repeated

for Exanples 22-30 with the exception that (i) 40 nmol of

t et rabut yl phosphoni um i odi de was used i n Exanple 22 and (ii) in
Exanpl es 23-30 the tetrabutyl phosphoni um i odi de was replaced with the
secondary catal yst 10 conponent (nmel R6l st ed bel ow. Exanpl e 23
Sodi um | odi de (100) Exanpl e 24 Lithiun1|odide (100)
Exanpl e 25 Pot assi um | odi de (100) l e 26
TetrabutylannéﬁhﬂﬁrléfO@Pr!Bti°n was determined|§g| 1.69 mplespke—27
Tetra-n-octyl gbag- ¢ 60b/kg—hr6 phoni um | odi de Exanpl e
28 Cesi um | odi 0) : Exanpl e 29 Tri phenyl phosphi ne
(100) 20 Exanple 30 Trlphenylphosphlne (100)

Ckide ngaggnglggpal results obtained from Exanpl es: 22-30 and

(ne Lotk ol e of spagndl AR HGplatRaRloBEOTRLE e moBESRRIC

Tabl e |

21 was repeatHﬂS omittedc §pom: the foed gas: Thqauqueoqt byapadgBaci odi de

(0.35

10

15

20

25

-+ 30

35

anhydride formatlon ‘decreased to 1.24 moles/kg-hr (174
g-skg-hr) thus demonstratlng the beneficial effect of
xncludlng hydrogen in the feed.

EXAMPLE 34

To demonstrate that nickel acts as an inhibitor of
the hydroxycarbonylation process of this invention,
Example 32 was repeated except that 2.49 g (0.010 moles)
of nickel acetate tetrahydrate was also added. The rate

- of the reaction was 0.88 moles/kg-hr (123 g/kg-hr).

EXAMPLE 35

'To demenstrate that iron acts.asfan inhibitor of
the process, Example 32 was repeated except that 1.74 g
(0.010 moles) of ferrous acetate also was added. The
rate of the reaction was 0.43 moles)kg—hr (60 g-kg-hr).

EXAMPLE 36 _ S
Example 32 was repeated, except that the amount of

ethyl iodide was reduced to 31.2 g (0.20 moles). The

rate of propionic anhydrlde formation was 1.32 moleS/kg— .

hr (185 g/kg—-hr) thus demonstrating the process may be
operated with substantially lower concentration of
iodine.

The 1nvent10n has been described in deta11 with
particular reference to preferred embodiments thereof,
but it will be understood that variations and
modifications can be effected within the sp1r1t and
scope of the invention.

abov @cTNusS9s/16438 EXAVPL ES
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nmol es as H) was used in place of ethyl iodide. The 30 anal yti cal

results ar [n Table I1. WO 96/ 19427

PCT/ US95/ 125‘3@3“%* . 24 .  PCTUSISIGA3E
TABLE 11 Et hyl Acetic  Propionic Mbl es
Exampl e Pr opi onat e Aci d Aci d Pr opi onyl 21

1.1 33. 4 38.7 . 2.85 5 22 383
22.9 1.47 23 1.2 38.6

2.29 24 1.0 44. 9 - 27 é4 0 '

I i,
27.3 - 1.80 10 . 27 0 39 0 13.6

0. 89 . 28 1.4 39. 0 CLAIMSG 1 2.29

0 ' 39.6 we clafm? 1.71 30 1.4 45. 2

21. 4 1.1 31 : 0 . 46.% 5.2 :
0.86 15 1. BrogeP8 LR the BreRALAtig Pgaepi BFriPéﬁgé," a2l
aut ocl ave constreoarbdnyl eompoundi selectedt Spomablléphatic carbokyltied with

300 gh presgure SaRAgNoas.geBedbd bgIiBRAE0C calRARYIEE SRTRLCR ! NS

the course of the realt (0.022
nmol es) of M (CO) amhyfirides ofialiphatdcoserhoxyijiconcidsr which pmp'n;smm

i odi de, 1OgoﬁtﬂcﬁQn&OgaﬂﬁbﬁsﬁoﬁBxQEQYQitﬁdhdﬁliﬂdr§5éoﬁpéis§ng an
nol es) of propion The congenser te e rature i.s

5-10[err]C u5|ng°ieEgBI§BdePh9PEﬁ Y§F, 8¥pF tQPmPrlslnﬁliﬂﬁré P?HEarY
autocl ave then wesmponentr seleated frbh at least one Group 6 metal and

10 (2) a secondary component selected from at least one of:
(i) a halide selected from the'compounds of
chlorine, bromine or iodine; | '
(ii) an alkali metal compound;
(iii) a salt of a quaternary organic compound of a
15 - Group 15 element; | |
(iv) a trisubstituted organic compound -of a Group
15 element; and
(v)'an oxide of a trisubstituted phosphine
compound; '

20 ‘under carbonylation conditions of temperature and
pressure, wherein the process is carried out in the
substantial absence of (1) metals of Groups 8, 9 and 10
"and (2) formic acid and formate esters.

25 2. Process according to Claim 1 wherein the olefin
contains 2 to 20 carbon atoms and the carbonylation
conditions of temperature and pressure comprlse a
temperature of 75 to 350°C and a pressure of 8 to 346
_ bar absolute.
30 .
3. Process according to Claim 2 wherein the catalyst
system comprises (A) at least one Group 6 metal, (B) at
least 1 iodine compound and (C) at least 1 component
selected from a salt of an alkali metal, a salt of a
35 quaternary phosphonium compoﬁnd, a trisubstituted

his Sheet Has Been Replaced
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nitrogen at 68.9 bar (1000 psi) and a gas purge of 2 nol es/ hour of
gas was established through the high pressure condenser. During the
react i orwolv6a942as purge 30 pernmts control of the gas POIpS2¥Is#d8n over
the reaction ssary for kinetic measurenents.

The nitrogen was vaRkQkeALf ped, RS, 2Uf oCl ave was ‘p‘l‘eSS‘U'I‘—I—Z-ed——t—e—ZA—i— ar

(350 psi) with 5% hy la"e arbon nonoxi de,
180[err]C. The 2 35 qmmm mam f gas purge is nai nt ﬁmﬂaﬂ"imamsmm
heat i ng WO 96/ — 28 -

PCT/ US95/ 16438 - 25 - and the

subsequent reaction. The pressure is_ raised l;-L bar (800 psi)
using a gas i BROSRN RS PK 3 nbrb?“bStltuﬁeM[@‘PﬁPhHB% d%mcF‘lﬂi%t& hyl ene

whi |l e using theléfin cont@ing h®Uto P8Ir ¢erben @tomsy N t he gas ni xture. Liquid
5 sanpl es are renoved every 20 mnutes for 5 héours and anal yzed :
for ethyl iodide, ethyl propionate, propionic -anhydri de, and
propioni c aci c4- GasPW%sfetsﬁiarmeparatxmméchm@ﬂc Bhﬁilntb anal yzed by

GC to insgre té@,_tbé d geixd T 5@%@1 jluantities
of propionic 10 anhi;‘grlde n[e{&%#ﬁrrre werfé tlec?r#%d romthe cC

dat a usiafidfe 3HFY L RSEL akiphatic carboxy 146 (gcids and \herein

n[err] = nol e%ﬁﬁydftﬁd@@fﬂﬂﬂmmphatlc carbox{ Bic¢ |acidei@iich r@éﬁpﬁséﬁ t he
conponent (obt

nol es of proplg?{‘nfdlﬁﬂqa??We%%’ﬁ?x%m%naI‘Xf Jrgpqw%ﬁ%n%cqra added

at start olefin, an organic solvent and a catalyst system

10 comprising (A) at least one Group 6 metal, (B) at least (
1 jodine compound and (C) at least 1 component selected
from a salt 6£ an alkali metal,ia salt of a quaternary
phosphonium compound, a_trisubstituted_phosphine or a
trisubstitutgd.phosphine_pxide, and the olefin contains

15 2 to 8 carbon atoms, wherein the'prbcess is carried out
at a pressure of 18 to 104 bar ahsplpte, at a
temperature of 150 to 250°C, and in the substantial
absence of (1) any metal of Groups 8, 9 and 10 and (2)

formic acid and formate esters.

20 S - _
5. Process according to Claim 4 wherein the solvent is
an aliphatic carboxylic aqid'and the catalyst system
comprises (A) molybdenum, (B) hydrogen'iodide, an alkyl
iodide or a mixture thereof, and (C) an iodide salt of

25 an alkali metal, an iodide salt of a quaternary

' phosphonium compound, a trisubstituted phosphine or a
trisubstituted phosphine oxide, and the olefin contalns
2 to 4 carbon atoms.

30 6. ‘Process for the preparation of propionic acid which
comprises contacting carbon monoxide with a mixture
comprising ethylene and a ¢ata;yst system comprising
(A) molybdenum, (B) hydrogen iodide, an alkyl iodide or
a mixture thereof, and.(C) an iodide salt of an alkali

35 metal, an iodide_salt of a quaternéry phosphonium



Rl err] =ethyl iodide initially added W = Weight of reaction
m xture ep = ethyl propionate; pa‘:=.propionic aci foyrrosesieaddrn =
worgRtac!

propi oni c e; and ei = ethyl i odide. 25 The nol ar quantities
were plotted against time and the reaction dlsngxgg_gﬂ_g§§EﬂlL§L_y

| i near behavi or over the first 100 m nutes of the reaction.

Ther ef or e, the rate of the reaction (expressed

propioni c anhydride formed/kg. of initial gga.c.u on 33 "M’Slm"n" M’H‘ﬂ“)
was readily determ ned by usi'ng a best fit slope of thisuplot Over
the course of the first 100 m nutes of the reactlon ThIS IS

consi st ent “‘thcgﬁ ound, a ﬂ?ﬂQﬁBht&tﬁﬁéﬂCﬁhﬁépﬁhﬁeabt ai tedsobstitateds do
not excee 5%, and consi.st e the _ne 35
rates. Using tHPQsHBPH8d°x§§E'rQPQ ¥ATBF o oﬁlgressuggvﬁg %?15&2?54 :

PCT/ US95/ 16438 bar absolute, at a temperature of 150280- 250°C, andnifdri de
formation was dgjer | ag/ o€288ofipkdshr b
EXAMPLE 33 5 €he ghﬂégaheﬁgi %bégnEB Sgakg& me@ﬂ%a t he h? rogen

was omitte8 froandhaof and gae fvnvipaﬂ§16fapﬂoﬁp6ﬁﬁ§e estergnhydri de
formati on decreased to 1.24 noles/kg-hr (174 g/ kg-hr) thus
denonstrating the beneficial effect of i ncl udi ng hydrogen in the
feed. 10 EXAMPLE 34 To denonstrate that nickel acts as an
inhi bitor of t he hydroxycarbonyl ati on process of this invention,

This Sheet Has Been Replaced




Exanpl e 32 was repeated except that 2.49 g (0.010 noles) 15 of nickel

acetate tetrahydrate was al so added. The rate of the reaction wa

0.°88 nol es/ kg-.hr (123 g/ kg- hr). EXAMPLE 35 REPLACEMENT SHEEL
denonstrate that iron acts as an inhibitor of 20 t he process, Exanple 32
was repeated except that 1.74 g (0.010 noles) of ferrous acetate al so
was added. The rate of the reaction was 0.43 nol es/ kg-hr (60

g/ kg- hr). EXAMPLE 36 25 Exanpl e 32 was repeated, except

t hat the anmount of et hyl iodide was—T@8uced to 31.2 g (0.20 noles).
The rate of propionic anhydride formation was 1.32 nol es/ kg- hr

185 g/ kg-hr) thus d trating.th tad W
Subst ant 2l 1 | ORBRYESAAen EpERR of B0 ceteptiipgd to pe 1088 Feieaiidh, |

has been descri badurn (@ekaigl-kyg—hir) . particular reference to preferred

enbodi nents t hereof, but it will be understood that variati ons and
nodi fi cations can be effected within the spirit and WO 96/ 19427
PCT/ US95/ 16438 EXAMPLE 33 - 27 -

CLA{:)NS I o CIdai W} ol 11}: 3BrQIﬁ%S%. G c ded’ | a'lHaQ:l’l‘UHe_ ?iﬂ“ﬁ&d.k ItiC
car bonyl conpound sel ected from aliphatic carboxylic | .

esters of aliphates CHFHEA ifroRthe Hfpd 92as- %dﬁﬂi%?es?fgﬁorﬁ |lpﬁ;i|}1la clyc
carboxylic aci ds anhyelr idenfiorsmation decremseet ity oo lesatd—de Wit a
m xture conpri st i lnr) thus demonstrating the beneficial effect of

including hydrogen in the feed.

10 .
EXAMPLE 34
To demonstrate that nickel acts as an inhibitor of
the hydroxycarbonylation process of this invention,
Example 32 was repeated except that 2.49 g (0.010 moles)
15 of nickel acetate tetrahydrate was also added. The rate

of the reaction was 0.88 moles/kg-hr (123 gskg—-hr).

EXAMPLE 35
To demonstrate that iron acts as an inhibitor of
20 the process, Example 32 was repeated except that 1.74 g
(0.010 moles) of ferrous acetate also was added. The
rate of the reaction was 0.43 moles/kg-hr (60 g-kg-hr).

EXAMPLE 36

25 Example 32 was repeated, except that the amount of
ethyl iodide was reduced to 31.2 g (0.20 moles). The
rate of propionic anhydride formation was 1.32 moles/kg-
hr (185 grkg-hr) thus demonstrating the process may be
operated with substantially lower concentration of

30 iodine.
REPLACEMENT SHEET | | - REPLACEMENT SHEFTS —5G
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ol efin and a catal yst system conprising (1) a primry conponent

selected fromat | east one Group 6-nmetal and 10 (2) a secondary

conmponent selected fromat |east one of: i) a halyi t rom
t he conpounds of chl orine, brom ne or(iédine;htﬁiﬁﬁHQﬁ}ﬁﬂgm

al kali metal conpound; (iii) a salt of a quaternary organi c conpound
of a 15 G oup 15 el enent; (iv) a trisubstituted organic
conpound- of a Group 15 el enent; and (V) an oxide of—a——
trisubstituted phosphine conpoeudd;—20 under

conditions of tenperature and pressure, wherein the dWMHM‘I""Jﬂ"M’I’
carried out in the substanti al absence of (1) neta G oupsn *
and 10 and (2) formc acid and forngkdI¥3ters. 25 . Process
according to CIahg1é1&mﬂrein the olefin contains 2 to 20 carbon at ons

and the carbonyl. | ons_of tenperatur re conprise
a t enper at 2?r9%e?% g%ﬁ[é ?]EF%B%r%QS %séﬁr%ng$g§8§§é§§ bar
absol ute. 30 carBonylFtomgg@nécseldchgdtﬁrﬁmaﬁhinh%hé¢e¢%rP%§YéaFalyst

SySte”100”p§'SeSa atai teQﬂ@rgygfpaﬁlﬁﬁéﬁic éggb@&yllc aci®3sind
I odi ne conpound an eas nponent elected. froma sa

of
an al kali netal ,2Bh¥ %dBF af3511PhﬁEbfeFﬁ5P9X$ﬁb§pﬁﬁﬁ ﬁnVEbﬁBoﬁﬂHpréses
trisubstituted conta¥ifl§/ 384Bdn monoxide with a mixture comprising an

PCT/ US95/16438 olefin and a catalyst system comprising (1) a primary
component selected from at least one Group 6 metal and

10 (2) a secondary component selected from at least one of:

(i) a halide selected from the compounds of
chlorine, bromine or iodine;
(ii) an alkali metal compound;
(iii) a salt of a quaternary organic compound of a
15 Group 15 element;
(iv) a trisubstituted organic compound of a Group
15 element; and
(v) an oxide of a trisubstituted phosphine
compound ;

20 under carbonylation conditions of temperature and
pressure, wherein the process is carried out in the
substantial absence of (1) metals of Groups 8, 9 and 10
and (2) formic acid and formate esters. '

25 2. Process according to Claim 1 wherein the olefin
contains 2 to 20 carbon atoms and the carbonylation
conditions of temperature and pressure comprise a

- temperature of 75 to 350°C and a pressure of 8 to 346
bar absolute.

30
3. Process according to Claim 2 wherein the catalyst
system comprises (A) at least one Group 6 metal, (B) at
least 1 iodine compound and (C) at least 1 component
selected from a salt of an alkali metal, a salt of a

35 quaternary phosphonium compound, a trisubst LtmijMENT SHEET

19 JUN 997




phosphine or a trisubstituted phosphi ne oxide, and the e olefin
eontains 2 to 8 carbon atons. s 4, Process for thBERPAG i f
an aliphatic 5 car bonyl compound sel ected fromaliphatic CE?E?§§BE€5
acids, alkyl esters of aliphatic carboxylic acids and anhydri des of
aliphatic car boxylic acids which conprises contacti ng carbon nonoxi de

with a mxture conprising an olefin, an organicm n"ll
catal yst system 10 conprising (A) at |east one GroJ mmu (ﬂlt”m

| east 1 i odi ne conpound and (C) at te&8t—1 conponent® sé&l ebteld *
froma salt of an alkali nmetal, a salt of a quaternary phosphoni um
conpound, a trisupsti uted hos hine of. trisubstituted phqosphi ne
oxi de, and the of ?FB ﬁBﬁt glsubﬁéfguge@aPB8ﬁp§fBﬁB?x %regﬂgtﬁge

process is carriedlefin contalas 2 poe8saarboh a&8oms.104 bar absolute, at a

tenperature of 150 to 250[err]C, and in the substanti al absence of
(1) any netal of Goups 8, 9 and 10 and (2) formc acid and formate
esters. 20 45, PrpgesssageepdinagtooCtrimnils Wherein the BakbuEe is

an aliphatig carpaxyhés aéinﬁrﬁgéstéﬁ sa&ahyét séyeéﬁﬁn and thE0BRth$¢st(A)
nol ybdenum ( B) de_or

el 1 OUl, Je,
thereof, and (O Siﬁ**‘-‘ﬂd?ﬂﬂp‘é%ﬁﬁs olAp5at’ least) poe; 8ﬁ8P8| 6 ﬂﬁ@?idl 6B saty of
a quaternary lephbsphbodinecoompoandd andri(sybati Laast phospponentr a
trisubstituted pEQiBg 8§ ?%bﬂ ?ﬁfttgf QhegiﬂaEQ”ﬁétgi saitt§f4 car bon
at ons. 30 rocess Feparation of "propfoni coaci d whi ch
conpri ses contacEPﬁEeEEFEBnPhﬁﬁBhPEEUMAFﬁmHOﬁnﬁbuPe rlSUbsﬁéﬁﬁFﬁglng

et hyl ene ang a cghalsyﬁinéyéfem €PBObSENHuted pheé«bhmﬁéyssiﬁaam ah8) the
hydr ogen i odi de, ﬂ@n al

f
i odi de salt of a ﬁFk9I¥°§galnﬁe?aF° ﬁnCFBHPBeaggﬁg'o?néegﬂﬁfgﬁﬂaﬁye

phosphoni um process is carried out at a pressure of 18 to 104 bar
absolute, at a temperature of 150 to 250°C.

15 5. Process according to Claim 4 wherein the solvent is
an aliphatic carboxylic acid and the catalyst system
comprises (A) molybdenum, (B) hydrogen iodide, an alkyl
iodide or a mixture thereof, and (C)'an iodide salt of
an alkali metal, an iodide salt of a quaternary

20 phosphonium compound, a trisubstituted phosphine or a
trisubstituted phosphing'oxide, and the olefin contains
2 to 4 carbon atons.

6. Process according to Claim 1, wherein the carbonyl

25 is propionic acid, the mixture comprises ethylene and
water, and the catalyst system comprises (A) molybdenumn,
(B) hydrogen iodide, an alkyl iodide or a mixture
thereof, and (C) an iodide salt of an alkali metal, an
iodide salt of a quaternary phosphonium compound, a

30 trisubstituted phosphine or a trisubstituted phosphine
oxide, and wherein the process is carried out at a
pressure of 18 to 104 bar absolute, at a temperature of
.150 to 250°C.
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WD 96/,19427 PCT/ US95/ 16438

- 29 - conpound, a trisubstituted phosphine or a tri rELRRESHEET
phosphi ne oxide, and water at a pressure of 18 to 104 ﬁggﬁgggobute, at
a tenperature of 150 to 250[err]C, and in t he substantial absence of

(1) any nmetal of Groups 8 95 and 10 and (2) formc acid and formate
esters.

- 29 —

ABSTRACT
Disclosed is a process for the preparation of

aliphatic carbonyl compounds selected from aliphatic
carboxylic acids, alkyl esters of aliphatic carboxylic

5 acids and anhydrides of aliphatic carboxylic acids by
the carbonylation of olefins in the presence of a
catalyst system comprising (1) a primary component
selected from at least one Group 6 metal,
i.e., chromium, molybdenum, andror tungsten and (2) a

10 secondary component selected from at least one of
certain halides and tertiary and quaternary compounds of
a Group 15 elemenﬁ, i.e., nitrogen, phosphorus and-or
arsenic. The process constitutes and improvement over
known processes since it can be carried out at moderate

15 carbonylation conditions without the necessity of using
an expensive noble metal catalyst, volatile, toxic
materials such as nickel tetracarbonyl, formic acid or a
formate ester. '

20
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